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2nd  Technical  Report 
Aug.  1,  1971 -Jan.  31,  1972 

"Studies  of  Electron  States  In  Structurally  Disordered  Materials 
Using  Simple  Liquids  and  Dense  Vapors  as  Prototypes." 

"Views  and  conclusions  contained  In  this  document  are  those  of  the 
authors  and  should  not  be  Interpreted  as  necessarily  representing  the 
official  policies,  either  expressed  or  Implied,  of  the  Advanced  Research 
Projects  Agency  or  the  U.  S.  Government." 

Summary 

During  the  period  of  August  1,  1971  to  January  31,  1972,  we  have 
completed  the  calculations  of  the  electronic  mobility  In  dense  helium 
gas  based  on  the  theory  of  Eggarter  and  Cohen. ^  We  have  also  formu¬ 
lated  a  simplified  Monte  Carlo  method  for  calculating  the  transport 
of  hot  electrons  In  dense  vapors.  The  calculation  takes  Into  account 
multiple  scattering, Image  field,  and  energy  lost  due  to  momentum 
exchange  and/or  Inelastic  scattering.  The  method  Is  used  to  analyze 
data  of  hot  electron  Injection  Into  argon,  hydrogen,  and  nitrogen. 

Experimentally,  we  have  now  obtained  preliminary  data  on  electron 
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drift  In  helium  at  77°K.  Above  about  2.5  x  10  atoms/c. c.,  we 
observed  a  sharp  drop  (about  three  decades)  In  the  mobility.  We  plan 
to  Investigate  this  mobility  edge  further  by  making  more  temperature 
and  field  dependence  measurements.  The  general  methodology  and  results 
of  the  works  summarized  above  are  given  In  the  following  two  sections: 


^  Theory 

I.  Mobility  of  Excess  Electrons  in  Helium  Gas 

The  theory  of  Eggarter  and  Cohen^  (E.C.)  was  used  to  calculate 
the  mobility  of  excess  electrons  In  dense  helium  gas  as  a  function  of 
gas  density  and  temperature.  The  experimental  low  field  mobility  Is 
reproduced  over  Its  five  orders  or  magnitude  range  as  a  function  of 
gas  density.  The  recently  measured  temperature  dependence  (4-20°K)  Is 
also  obtained.  The  low  field  Hall  mobility  Is  calculated.  In  order  to 
derive  the  electric  field  dependence  of  the  drift  velocity  the  occupa¬ 
tion  probability  F(E,c.p,T)  In  the  E.C.  theory  have  to  be  modified.  The 
detailed  description  of  this  work  Is  contained  In  the  attached  reprint 
from  the  Physical  Review. 

II*  Monte  Carlo  Calculations  of  Hot  Electron  Currents  in  Dense  Vapors  • 
(A.)  Momentum  Exchange  Scattering. --Until  recently  most  electron 
Injection  experiments  In  systems  where  momentum  exchange  scattering 
between  electron  and  scatterers  dominates  have  been  analyzed  using  the 
Young  and  Bradbury ^  theory.  Young  and  Bradbury  pointed  out  that  the 
current  Is  limited  by  the  probability  of  the  Injected  electrons  to  be 
back  scattered  Into  the  electrode.  They  considered  the  probability  for 
back  scattering  to  be  the  ratio  fl  (x)/4n  where  fl(x)  Is  the  return  cone 
for  a  scattering  event  at  a  distance  x  from  the  injection  electrode.  They 
then  calculated  the  current  assuming  that  only  the  first  scattering  event 
was  Important  and  that  there  were  no  energy  loss  processes.  They  also 
neglected  the  Image  field  of  the  electrons.  We  report  here  a  simplified 
Monte  Carlo  method  for  calculating  the  hot  electron  currents  Including 
multiple  scattering  the  Image  field  and  energy  lost  due  to  momentum 
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scattering.  The  simplification  In  the  present  method  Is  based  on  the 
following  less  drastic  assumptions: 

(a)  The  collision  Is  S-wave. 

(b)  The  direction  of  motion  of  the  electron  after  each 
collision  Is  Independent  of  the  previous  collision. 

(c)  The  trajectories  of  the  electrons  are  linear,  and  their 

-s/ln 

path  length  s  Is  distributed  according  to  6  Ap  where 
xp  Is  the  momentum  exchange  mean  free  path. 

Assumption  (a)  can  be  easily  corrected  to  Include  other  partial  waves; 
assumption  (b)  Is  equivalent  to  the  molecular  chaos  assumption.  In  the 
presence  of  the  Image  and  driving  fields,  assumption  (c)  has  to  be 
corrected  to  take  Into  account  trajectories  with  turning  points  and  the 
fact  that  most  trajectories  will  be  bent  toward  the  direction  of  the 
field. 

Since  such  calculations  would  require  a  tremendous  amount  of 
computer  time,  we  correct  for  the  effect  In  the  following  approximate 
way:  Let  us  consider  an  electron  located  at  a  position  x  beyond  the 
potential  maximum  x^.  See  Fig.  1.  The  fraction  of  electrons  that  will 
be  scattered  backward  by  the  Image  and  applied  field  will  be  proportional 
to  the  return  cone: 

«  •  4  1  <-y 

Thus  one  can  define  a  reflection  coefficient 
W(x)  ■  Sjii 


o 
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and  a  transmission  coefficient 

T(x)  ■  1  -  W(x),  for  x  >  xM. 

For  x  <  xM,  T  and  W  simply  exchange  roles.  In  our  model ,  we  shall 
correct  for  assumption  (c)  approximately  by  weighting  the  forward  and 
backward  trajectories  by  T(x)  and  W(x)  respectively. 

Thus  our  simplified  Monte  Carlo  calculation  proceeds  by  Introducing 
one  electron  at  a  time;  the  length  of  the  trajectory  Is  given  by  a  dis¬ 
tribution  exp(-s/xp);  the  direction  e  with  the  x-axIs  Is  given  by  the 
distribution  1  -  cos  8  with  the  forward  and  backward  direction  weighted 
by  T(x)  and  W(x).  After  each  momentum  exchange  collision  the  electron 

2m  ^ 

loses  approximately  (1  -  cos  e)  of  Its  kinetic  energy  ef  the  molecule. 
Thus  Eq  has  to  be  reduced  accordingly  until  the  final  point  where  the 
kinetic  energy  becomes  less  than  the  potential  maximum  x^.  The  electron 
Is  then  considered  transmitted  If  Its  final  position  Is  greater  than  xM 
and  returned  otherwise.  The  result  of  a  typical  calculation  Is  shown 
In  Fig.  2. 

(B).  Inelastic  Scattering.  For  systems  like  hydrogen  and  nitrogen 
the  effect  of  Inelastic  scattering  Is  also  Important.  The  dominant 
Inelastic  processes  In  these  cases  are  the  excitation  of  rotational  and 
vibrational  modes  of  the  molecules.  Assume  that  Ojl s  the  cross  section 
for  a  given  Inelastic  process.  In  our  Monte  Carlo  calculation  the  number 
of  Inelastic  processes  compared  with  the  number  of  elastic  processes  Is 
distributed  according  to  the  ratio  o^/op.  The  possibility  of  an  Inelastic 
process  Is  also  limited  by  a  threshold  for  the  excitation  of  a  rotational 
or  vibrational  mode. 

Aside  from  these  modifications,  the  method  for  generating  the 
series  of  events  for  the  passage  of  an  electron  remains  the  same  to  that 
described  In  section  A.  A  typical  result  for  T  ■  0°K  Is  shown  In  Fig.  3. 


We  are  now  trying  to  extend  our  calculation  to  Include  finite  temperature 
efforts. 

When  the  energy  relaxation  Is  very  rapid,  It  might  be  more  profit¬ 
able  to  calculate  the  current  by  solving  the  continuity  of  current 
equation.  One  such  model  worked  out  by  M.  Silver  and  P.  Smejtek  Is  based 
on  the  two  fluid  model,  ph  describing  the  hot  electron  density  and  p 

¥ 

describing  the  thermal 1  zed  electron  density.  Assuming  only  a  single 
relaxation  time  t,  the  following  hydrodynamic  equation  can  be  set  up: 

“  Hx  Jh  *  phA  "  0 

where 

Jh  '  *  °h  3iT+  -  7r)Ph 

4ex  " 

*nd  -  It  h  *  ?•  ■  0 

where 

Jt  ■  *  Dt  air +  “t16  •  rrK  • 

4cx 

The  diffusion  constant  and  mobility  are  and  y^  for  the  hot  electrons 

and  Dt  and  yt  for  the  thermallzed  electrons.  The  boundary  conditions  are 
assumed  to  be 

Pt(0)  ■  0 
and 

00 

“  h<°X-vOx>  +  7  |ph(x)  dx 

o 

where  jQ  Is  the  Injected  current  and  <-vQx>  Is  obtained  by  averaging  the 
time  of  flight  over  all  angles  of  hot  carriers  at  a  distance  of  one  mean 
free  path  from  the  electrode  In  the  presence  of  applied  and  Image  fields. 
The  hydrodynamic  equations  can  easily  be  solved  In  the  free  diffusion 
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approximation.  I.e.  retaining  only  the  diffusion  term  In  Jh.  The 
solution  Is 

^  exp{-[^  E  +  y]x  +  i  >dx 

l  exp(-^ E  +  *]  ldx 


where 

0  ■  e2/4«kT,  C  ■  <_v0x^v0  » 

E  /  E2  \V 

Vq  ■  A  3kt/n) ,  Xq  ■  xvqt/3»  and  y  ■  *  ^Jj—  +  |  —  +  ^-*r  j 

h  \  h  Xq  J 

The  validity  of  the  free  diffusion  approximation  will  be  checked  against 
the  finite  temperature  Monte-Carlo  calculations  once  they  become  available. 
Smejtek  and  Silver  have  also  checked  the  validity  of  the  free  diffusion 
approximation  by  exact  solution  of  the  hydrodynamic  equations  using  a  com¬ 
puter.  The  results  show  that  the  accuracy  Is  best  when  the  electron's 

O 

m.f.p.  Is  long  (>  20  A)  and  when  the  electron's  mean  energy  Is  large 
(>  1  eV). 

Experiment 

Experimentally  we  have  been  working  or.  two  problems:  1)  energy 
distribution  of  electrons  In  thin  films  and  2)  drift  mobility  measurements 
In  very  dense  gases. 

The  former  problem  continues  to  give  us  difficulty.  What  Is 
required  Is  to  grow  a  few  micron  thick  film  of  argon  on  our  tunnel 
cathodes.  To  date  we  have  been  able  to  grow  films  but  they  are  not  good 
enough  to  make  meaningful  measurements.  The  Idea  of  the  experiment  Is 

-L- 
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to  Inject  hot  electrons  Into  the  fllri,  let  them  thermal Ize,  heat  them  up 
again  with  an  electric  field  and  then  measure  their  energy  as  they  emerge 
from  the  film  Into  vacuum  by  a  retarding  grid  method.  While  the  current 
Is  dependent  upon  the  presence  of  the  film.  It  does  not  vary  with  film 
thickness  In  a  consistent  way. 

We  will  try  to  Improve  our  film  growing  technique  by  using  higher 

thermal  conductivity  substrates  and  by  using  helium  gas  as  a  buffer.  If 

we  do  not  have  any  success  during  the  next  quarter  we  will  drop  this 

experiment  and  go  to  a  more  productive  area. 

The  drift  velocity  apparatus  Is  functioning  very  well  and  we  have 

our  first  preliminary  data  on  electron  drift  In  He  at  77°K.  Above  about 
21 

2.5  x  10  atoms/cc  we  observed  a  shart  drop  In  mobility.  The  drop  Is 
about  three  decades  from  about  102  to  about  10“\  This  drop  Is  occurred 
at  densities  below  where  Harrison  and  Sprlngett^  have  made  measurements 
at  18.1°K.  At  present  we  cannot  account  for  the  difference.  Our  data 
are  consistent  with  self  trapping  In  a  fully  formed  cavity  while  their 
data  are  consistent  with  the  pseudo-bubble  anal  1  zed  In  the  paper  by 
Hernandez. ^ 

We  plan  to  make  further  temperature  and  field  dependent  measurements 
to  clarify  this  point. 
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Electron  Drift  in  Gaseous  He:  Density,  Temperature,  and  Field  Dependences* 

*  John  P.  Hernandez 
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The  theory  of  Etserter  end  Cohen  for  the  mobility  edge  of  electrons  In  denae  helium  gee  Is 
ueed  to  perform  calculations.  The  experimental  low-field  mobility  Is  reproduced  over  Its 
flve-order-of-magnltude  range  as  a  function  of  gaa  density.  The  recently  measured  tempera¬ 
ture  dependence  (4-20  *K,  Is  also  obtained.  The  low-field  Hall  mobility  Is  calculated.  Finally, 

-  modifications  are  Introduced  to  yield  the  electric  field  dependence  of  the  drift  velocity,  which 
Is  also  found  to  be  In  good  agreement  with  the  experimental  measurements. 


The  recent  theoretical  work  of  Eggarter  and 
Cohen1  (EC)  Is  used  to  calculate  the  drift  velocity 
of  electrons  In  dense  helium  gas,  In  the  neighbor¬ 
hood  of  the  mobility  edge.  The  purpose  of  this  pa¬ 
per  Is  to  show  that,  within  the  context  of  the  EC  the¬ 
ory,  it  Is  possible  to  account  for  the  drift  velocity 
of  electrons  over  a  substantial  helium  density  range, 
as  EC  have  already  shown,  and  also  over  a  substan¬ 
tial  temperature  range.  Also  the  theory  can  be  ex¬ 
tended  to  account  for  the  effects  of  non-negllglble 
electric  field  strengths. 

In  their  letter,  EC  calculated  the  zero-field  mo¬ 
bility  of  electrons  In  helium  gas  with  densities  from 
10**  atoms/cm1  to  29x10**  atoms/cm*  at  tempera¬ 
tures  of  3.69,  3.90,  and  4. 19  *K.  This  range  of 
density  and  temperature  allowed  comparison  with 
the  data  of  Levine  and  8anders.*  Recently,  Harrison 


and  Sprlngett*  have  performed  measurements  over 
a  substantially  larger  temperature  range.  Their 
data  are  fairly  extensive  in  the  region  4. 2<T<  18.1 
°K.  It  is  possible  to  take  the  theory,  without 
change,  and  calculate  the  zero-field  mobility  over 
this  extended  temperature  range.  It  is  found  that 
the  parameters  appropriate  to  4  *K  are  not  quite 
appropriate  at  higher  temperatures,  but  a  fit  can 
be  found.  The  sensitivity  of  the  theory  to  the  psram 
eters  will  be  shown. 

Further,  using  a  theory  of  Cohen  and  Lekner, 4 
suitably  modified  for  this  problem,  the  manifesta¬ 
tion  of  the  influence  of  non-negllglble  electric  fields 
on  the  observed  drift  velocity  of  electrons  can  be 
calculated.  A  comparison  of  the  results  with  the 
field-dependent  data  of  Levine  and  Sanders4  shows 
adequate  agreement  but  emphasizes  the  fact  that, 
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as  pointed  out  by  EC,  an  intermediate-scattering 
mechanism  has  been  neglected. 

FORMALISM 


The  electron  drift  velocity  is  to  be  calculated 
using 


t >a(p,  T.)  Ju0(E.p.T)n(E.  p,T)F(E,p,T,  S)dE 
I  jn(E,P,T)F{E,p,T,S)dE 


whsre  p  is  the  avsrage  density  at  temperature  T, 

S  is  the  applied  electric  field,  E  is  the  energy,  n 
is  the  density  of  states,  p0(£)  is  the  zero-field 
drift  mobility,  and  F  is  the  occupation  probability. 


n(£)andM0<£) 

A  brief  review  of  the  EC  method1  for  the  density 
of  states  and  energy-dependent  drift  mobility  fol¬ 
lows. 

The  density  of  states  is  obtained  by  summing 
over  those  in  cubic  cells  of  side  L{E)  =  c  A(F)a ,  where 
HE)t»  is  thede  Broglie  wavelength  of  an  electronofen 
ergy  E  and  c  is  adjustable.  The  helium  density 
within  each  cell  is  assumed  constant  which  gives 
rise  to  a  potential  VtV)-R>ArI/2m;  with  kr,  =■  tan  [it 
*  (r,  -  a)  ],  |  irj «  L  */S,  and  a  is  the  electron-helium 
scattering  length  (0. 62  A).  This  is  the  Wigner- 
Seltz  potential  due  to  N  atoms  in  the  cell  and  leads 
to  a  cell  density  of  states 

»0(E)-2L,^I—  [E-VM]1'*  for  E>F(N). 


The  probability  of  having  N  atoms  in  a  cell,  P(jf,T), 
is  taken  as  a  Gaussian  about  -pL*  with  (A N*)„ 

•  HTtP/»p\jI}  (thus  taking  into  account  the  nonideal 
gas  dependence  of  pressure  with  density).  Adding 
over  the  cells  in  the  total  volume  O  we  have 

it(E)-(R/Ll)  / P(jf,  T)  n/E)dN. 

At  a  given  energy,  the  drift  mobility  is  obtained 
from 


and  C(E)  is  the  allowed  cell  concentration  at  this 
energy.1  This  mean  free  path  lacks  scattering  due 
to  clusters  of  atoms  between  one  and  (£#)„,*  and 
thus  overestimates  the  zero-field  mobility  at  rela¬ 
tively  low  densities  (as  EC  pointed  out).  The  lack 
will  also  show  up  quite  clearly  in  the  field  depen¬ 
dence  of  the  electron  drift  velocity.  The  term  with 
in  the  energy-dependent  drift  mobility,  accounts 
for  the  motion  of  trapped  electrons.  It  is  taken 
as  a  pseudobubble  mobility  defined  as 

M*“eirnR  (1+4pR(2 ' 
with 

AMF)«ff-N.«(F),  Vt Nou)  =  E, 
rj  is  the  viscosity,  and  c  is  adjustable. 

F(E) 


The  occupation  probability  F(E,  8,  p,  T)  can  be 
obtained  from  a  modification  of  the  work  of  Cohe» 
and  Lekner*  on  the  Boltzmann  equatlonforelectrons 
undergoing  collisions  with  structureless,  isotropic, 
and  uncorrelated  objects  of  mass  Af.  Their  result 
is 

'—(•& Affc)  • 

with 

WlSi  AlW)  • 


A^1  «po. 


2m  2m 
AfA,  =  Af  *** 


Thus,  they  account  for  momentum-  and  energy- 
exchange  mean  free  paths.  For  our  purpose,  modi¬ 
fications  must  be  Introduced  to  account  for  the  two 
types  of  scattering  mechanisms  of  electrons  in  ex¬ 
tended  otates.  The  modifications  are  embodied  in 


+[1-P(E,P,T)]  p,(E,p,T). 

p(E)  is  the  probability  that  at  this  energy  the  elec¬ 
tron  is  in  an  extended  state,1  the  electron  velocity 
vt  has  to  be  appropriately  averaged  over  the  fluctu¬ 
ating  potential;  the  mean  free  path  accounts  for 
scattering  from  sing  Is  atoms  and  from  clusters 
making  up  the  density  fluctuations  and  is  taken  to 
be 
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whsre 


LCiE) 
i  -  c(e) 
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» *1  ,  .i  ,  cJn  cm 

v-po^,'  and  — s—  pa  + 
with 

a«m(^Aim)/>m. 


2m  _1_ 
Af*  X, 


» 


p(x)  takes  into  account  that  the  scatterlngprocesses  re 
fer  only  to  electrons  in  extended  states.  Af*  is 
the  Effective  mass,  in  an  energy-exchange  sense, 
of  the  density  fluctuations  and  will  be  discussed 
later  along  with  the  results. 

Ac  long  as  pseudobubbles  do  not  contribute  ap¬ 
preciably  to  the  zero-field  mobility,  it  seems  rea¬ 
sonable  to  neglect  their  possible  energy  gain  from 
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ELECTRON  DRIFT  IN  GASEOUS  He:... 


HQ.  1.  Zero-field  drift  mobility  vs  density  at  4. 2, 
7.3,  11.6,  and  18.1  *K.  The  points  are  calculated  with 
the  indicated  parameters  and  c'  >0.4.  The  solid  lines 
are  experimental  results  from  Ref.  3  at  the  various  tem- 
peraturea. 


the  electric  field  on  grounds  of  a  large  effective 
mass  and  short  mean  free  paths.  A  possibility  of 
field  ionization  will  also  be  neglected  (or  now. 
Clearly  the  above  neglects  are  completely  unwar¬ 
ranted  once  the  trapped  electrons  dominate  the 
zero-field  mobility.  It  will  be  shown  that  experi¬ 
mental  data  are  only  available  for  the  regime  where 
the  neglect  of  trapped  electrons  is  appropriate. 
Along  with  a  lack  of  experimental  data  is  the  (act 
that  the  present  context  is  unsuitable  for  treating 
the  elect ric-field-trapped-electron  interaction. 

For  processes  such  as  field  ionization  the  details 
of  the  electron-helium  correlation  are  important 
but  unavailable  in  the  present  context. 

RESULTS  AND  DISCUSSION 
Low  Flaidi 

For  negligible  electric  fields  the  EC  theory  ap¬ 
plies  unchanged.  Figure  1  shows  the  calculated 
zero-field  drift  mobility  versus  helium  density  at 
various  temperatures  compared  with  Harrison  and 
Springett’s  measurements.*  It  should  be  noted  that 
the  parametsr  c  has  to  be  varied  with  temperature. 
As  an  indication  of  the  sensitivity  of  the  theory,  the 
calculations  are  presented  for  a  best  fit  and  (or  a 
4. 2  *K  calculation  with  c  ■  1.05  (which  gives  a  best 
fit  at  18. 1  *K)  and  an  18. 1  *K  calculation  with  c 
■  1.4  (best  (it  for  4. 2  *K).  It  is  also  noteworthy 
that  only  when  <  1  cm*  sec'1  v*1  is  there  any  ap¬ 
preciable  contribution  due  to  the  motion  of  trapped 


electrons  (their  contribution  is  10%  at  1  and 
essentially  100%  at  10*1).  Thus  the  calcula¬ 
tion  is  insensitive  to  c*  fov  n0  >  1.  The  mobility 
drop  is  due  to  a  decrease,  with  density,  of  the 
fraction  of  the  electrons  in  extended  states.  The 
calculation  overestimates  at  helium  densities 
around  5x10** cm**,  as  EC  noted,  due  to  the  neglect 
of  scattering  by  clusters  of  atoms  between  1  and 
(AN)m,  which  should  be  effective  at  energies  slight¬ 
ly  above  Vty).  It  is  possible  that  the  effect  of  this 
neglect  is  being  partially  absorbed  into  a  tempera¬ 
ture  dependence  o(  the  parameter  c  but  this  does 
not  completely  account  (or  its  temperature  depen¬ 
dence. 

As  a  consistency  check,  the  low-field  Hall  mo¬ 
bility  may  be  interesting.  It  is  easily  calculated 
from* 


m*(p,t) 


f  UolE)*nlE)e-g/krdE 
i\iP{E)n{E)e-M,,TdE  • 


and  the  results  shown  in  Fig.  2  for  parameters 
which  give  best  fits  to  the  drift  mobilities. 

Non-Negligibte  Field  Effect* 

Experimental  data  concerning  the  field  dependence 
o(  the  electron  drift  velocity  have  been  given  by 
Levine  and  Sanders.*  It  is  immediately  clear  that 
the  qualitative  dependence  will  be  obtained  correctly 
here.  At  low  gas  densities  the  majority  of  electrons 
are  in  the  free-electron  regime,  the  important 
mean  free  path  is  (op)*1;  as  the  distribution  gains 


FIG.  2.  Zero-field  Hall  mobility  v«  density  at  various 
temperatures.  The  calculations  are  at  the  same  parameters 
that  gave  the  beat  fits  to  Fig.  1. 
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•nergy  from  tho  electric  field,  the  main  effect  ia 
an  Increase  of  the  random  velocity  of  the  electrons 
and  thus  a  decrease  In  the  elope  of  va  va  S  as  ob¬ 
served  experimentally.  The  effect  Is  similar  to 
Increasing  the  temperature.  At  higher  gas  den¬ 
sities  the  majority  of  electrons  are  in  the  trapped 
regime.  Nevertheless,  It  la  still  the  electrons  in 
extended  states  (now  only  a  small  fraction  of  the 
total)  which  dominate  the  observable  transport  be¬ 
havior.  The  important  mean  free  path  Is  limited 
by  scattering  from  fluctuations.  As  the  electrons 
are  allowed  to  gain  energy  from  the  field,  the  first 
observable  effect  la  an  Increase  In  the  mean  free 
path  with  the  resultant  Increase  of  the  slope  of  vD 
ve4.  It  Is  only  at  yet  higher  field  strengths  that 
the  random  velocity  Increase  dominates  with  the 
resultant  decrease  In  the  slope  of  vD  vs  t.  Both 
effects  are  experimentally  observed.  At  gas  den¬ 
sities  where  the  trapped  electrons  dominate  the 
transport,  one  must  deal  with  the  correlated  elec¬ 
tron-helium  behavior  In  the  presence  of  a  non-neg- 
liglble  field.  In  the  absence  of  experimental  det^ 
relevant  to  thla  regime,  and  aince  the  present  con¬ 
text  is  unsuitable  to  undertake  thla  calculation,  it 
will  not  be  pursued  further  at  thla  time. 

For  a  quantitative  calculation  of  field-dependent 
effects,  one  must  face  the  problem  of  the  energy 


no.  S.  Drift  velocity  va  electric  field  etre^th.  The 
points  (about  solid  lines)  are  acperlmantal  from  Fig.  12, 
Ref.  2.  Curve  (a):  p*4.07xlOMemr*,  T-4.2TC,  c-1.4, 
c'  *0.4.  Experimentally  ft  was  referred  to  as  curve  l. 
the  axes  are  to  be  found  to  tho  left  and  above.  The  calcu¬ 
lations  tor  various  values  of  M%ju*  are  indistinguishable. 
Thla  la  the  normal  hot-electron  behavior.  Curve  to):  p 
■11  xio* cm"*,  T"4.2*K,  c*1.4,  c'*0.4.  Experiment¬ 
ally  It  was  referred  to  as  curve  3.  The  mas  are  to  the 
right  [of  curve  (c)jaad  below.  Curve  (o):  p>  13.71  xlow 
cmT*,  r-3.88%,  e«1.4,  c'-0.4.  Experimentally  it 

was  referred  to  as  curve  8.  the  axes  are  to  the  right 
and  below.  Note  lower-axis  shift  between  curves 8>)  and 
(e). 


FIG.  4.  Energy-dependent  mobility  and  number  of 
electrons  per  unit  energy  ve  energy,  p*  11  x  loM  cm**, 
T«4. 2’K,  0*1.4,  e'  “0.4.  The  electric  field  shifts 
the  distribution  to  higher  energy  but  the  high  MnjM*  ratio 
prevents  much  energy  gain  of  the  low-energy  electrons. 
The  vertical  scales  are  arbitrarily  chosen  to  demonstrate 
the  effect. 


gain  from  the  f  ield  by  electrons  which  percolate  through 
the  potential  fluctuations.  As  previously  stated, 
we  have  transformed  the  problem  into  a  parameter 
M*.  By  assumption,  when  an  electron  is  attempting 
to  percolate  and  collides  with  a  potential  fluctua¬ 
tion,  it  will  give  up  on  the  average  2m/M*  of  its 
energy.  This  problem  is  similar  to  that  consid¬ 
ered  by  Davis,  Schmidt,  and  M  inday1  in  that  the 
electron  is  giving  up  energy  to  internal  structure 
of  the  cluster  of  atoms,  and  in  this  sense  M*  should 
be  small  in  comparison  to  that  of  the  helium  atom 
while  still  large  compared  to  the  electron  mass.* 

Calculations  of  the  drift  velocity  versus  electric 
field  are  shown  in  Fig.  3  for  various  parameters 
and  compared  with  experimental  values.  The  mass 
ratio  is  irrelevant  when  the  important  mean 

free  path  is  (per)'1  (always  for  low  gas  density  and 
at  higher  densities,  for  large  fields).  It  is  only 
for  intermediate  field  strengths  and  zero-field 
mobilities  below  - 10*  cm*  sec*1  V’1  that  the  mass 
ratio  causes  a  measurable  effect.  The  results 
clearly  show  that  a  mass  ratio  of  1  is  too  small 
while  curve  c  Indicates  that  a  value  of  81  is  too 
large.  The  intermediate  value  of  36  seems  rough¬ 
ly  appropriate. 

To  clearly  exhibit  the  field  and  mass  parameter 
effects.  Fig.  4  shows  the  number  of  electrons  at 
a  given  energy  versus  energy  for  curve  b.  At 
aero  field  most  of  the  electrons  are  trapped.  At 
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SOOv/cm  and  a  maaa  ratio  of  1  the  entire  distribu¬ 
tion  has  been  shifted  to  higher  energies  and  broad¬ 
ened;  however,  when  the  mass  ratio  is  increased 
to  38  the  electrons  whose  mean  free  path  is  limited 
by  fluctuation  scattering  are  relatively  unaffected 
by  the  field  while  those  whose  mean  free  path  is 
limited  by  single-atom  collisions  are  unaffected 
by  the  mass-ratio  change. 

We  return  to  the  comparison  with  experiment  in 
Fig.  3.  The  agreement  is  as  good  as  that  for  the 
low-field  calculations  except  in  the  region  where 
the  v0vb  8  slope  starts  to  decrease  where  the  the¬ 
ory  once  again  overestimates.  This  discrepancy 
is  evidence  of  an  overestimate  in  mean  free  path 
since  it  is  clearly  unaffected  by  the  mass  ratio. 

The  overestimate  emphasizes  the  missing  scatter¬ 
ing  mechanism  with  clusters  of  more  than  one  atom 
which  would  make  its  presence  felt  at  energies 
slightly  above  V(N).  A  final  remark  is  that  the  fac¬ 
tor  p(jc),  in  the  occupation  probability,  which  limits 
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the  field  effects  to  the  extended-state  electrons  has 
a  negligible  effect  on  the  calculations  performed. 
When  the  percolation  probability  p(x)  is  small,  the 
mean  free  path  is  so  small  that  the  field  effect  would 
be  negligible  even  if  pix)  were  taken  at  its  maxi¬ 
mum  value  of  1.  This  fact  provides  further  sup¬ 
port  for  neglecting  trapped  electrons  in  the  field- 
effect  calculations,  since  they  would  have  a  smaller 
yet  mew  free  path,  compounded  by  a  larger  effec¬ 
tive  mass,  than  the  electrons  in  extended  states. 

In  summary,  good  agreement  with  experiment  is 
obtained  for  calculations  as  a  function  of  gas  den¬ 
sity,  temperature,  and  external  field  strength. 
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(1967). 

*In  Ref.  1  It  Is  stated  that  X,  accounts  for  the  scattering 
by  clusters  of  ~7)  atoms.  This  should  be  ~  (AN)m  since 
it  is  the  potential  fluctuations  which  are  responsible  for  the 
scattering. 

'See,  for  example,  W.  Shockley,  Electrons  and  Holes 
in  Semiconductors  (Van  Nostrand,  New  York,  1950), 
pp.  206-217. 
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‘A  first  guess  might  be  M*  equal  to  the  reduced  mass 
of  (AN)nB  helium  atoms. 


